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Abstract: The information in the literature on the effect of printing layer thickness on interim
3D-printed crowns is limited. In the present study, the effect of layer thickness on the trueness and
margin quality of 3D-printed composite resin crowns was investigated and compared with milled
crowns. The crowns were printed in 3 different layer thicknesses (20, 50, and 100 µm) by using a
hybrid resin based on acrylic esters with inorganic microfillers or milled from polymethylmethacry-
late (PMMA) discs and digitized with an intraoral scanner (test scans). The compare tool of the
3D analysis software was used to superimpose the test scans and the computer-aided design file
by using the manual alignment tool and to virtually separate the surfaces. Deviations at different
surfaces on crowns were calculated by using root mean square (RMS). Margin quality of crowns was
examined under a stereomicroscope and graded. The data were evaluated with one-way ANOVA
and Tukey HSD tests. The layer thickness affected the trueness and margin quality of 3D-printed
interim crowns. Milled crowns had higher trueness on intaglio and intaglio occlusal surfaces than
100 µm-layer thickness crowns. Milled crowns had the highest margin quality, while 20 µm and
100 µm layer thickness printed crowns had the lowest. The quality varied depending on the location
of the margin.
Keywords: 3D printing; additive manufacturing; interim crowns; provisional crowns; trueness;
accuracy; layer thickness; margin quality
1. Introduction
The introduction of digital technologies into dental practice has facilitated manufac-
turing, as computer aided design-computer aided manufacturing (CAD-CAM) enabled
the fabrication of accurate definitive restorations [1]. CAD-CAM manufacturing can be
subtractive (milling) [2] or additive, and the interest has recently shifted towards additive
manufacturing technologies that are also known as rapid prototyping or 3-dimensional
(3D) printing [3–5].
3D-printing manufactures an object by building up consecutive layers [5,6] and is
used for a wide range of dental applications including diagnostic and master models,
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surgical guides, complete dentures, occlusal splints, impression trays, implants, metal
crowns, copings, and frameworks [4,7–13]. Printing has certain advantages over milling
as less waste material is produced, multiple products with more complex geometries
can be fabricated, and less energy is consumed [14,15]. Moreover, due to an increased
accuracy and speed, of 3D-printing has increased its popularity in the dental field [16].
Several different 3D-printing technologies, namely stereolithography (SLA), digital light
processing (DLP), material jetting (MJ), material extrusion (ME), binder jetting, powder
bed fusion (PBF), sheet lamination, and direct energy deposition, are currently available for
polymers [7]. However, among these technologies, the popularity of DLP, which is based
on the UV light activation of the photosensitive resin [17], is increasing for the fabrication
of dental prosthesis [4,18].
Interim restorations are an essential component of the prosthodontic treatment as they
act as a prototype of the definitive prosthesis providing esthetics, pulp protection, tooth
positional stability, and soft tissue management [19,20]. Conventional interim restorations
are fabricated commonly by using polymethylmethacrylate (PMMA) due to its accessibility,
ease of fabrication and repair, low cost, biocompatibility, and stability in the oral environ-
ment [19–21]. Even though direct fabrication of acrylic resin interim crowns is feasible [22],
polymerization shrinkage, possible biologic reactions due to the residual monomers, and
marginal and occlusal discrepancies can be observed [20,22,23]. The indirect fabrication
of these restorations with CAD-CAM technologies led to a better internal fit [20] and
marginal integrity [24], enabling successful and long-lasting restorations [20]. Both sub-
tractive manufacturing and 3D-printing technologies are applicable for the fabrication of
interim restorations [19].
Efficiency of 3D-printing is affected by the layer thickness, laser intensity, laser
speed, build angle, the geometry of the supporting structures, and printing technol-
ogy [14,21,25–27]. Layer thickness is a controllable parameter that affects the accuracy,
which is defined by trueness and precision [28], of the final restoration [7]. Therefore,
setting the appropriate layer thickness is crucial to achieve optimum results. In addition,
layer thickness was shown to affect the printing speed and printing accuracy [16]. In
general, the layer thickness of a 3D-printer based on photopolymerization ranges between
20 to 150 µm [7].
Previous studies on 3D-printed interim materials have mainly focused on the effect
of printing orientation [14,18,25,26,29], while the effect of layer thickness was assessed
primarily when 3D-printed dental models [16], trial dentures [30], and custom trays [13]
were printed. Only one study investigated the effect of printing orientation and layer
thickness on the fit of 3-unit implant-supported fixed partial dentures [31]. To the au-
thors’ knowledge, no study has evaluated the effect of layer thickness on the accuracy of
3D-printed interim crowns. Therefore, the aim of this study was to investigate the trueness
and margin quality of interim crowns printed in 3 different layer thicknesses (20, 50, and
100 µm) comparing with that of milled PMMA crowns. The null hypotheses were that
(i) fabrication technique would not affect the trueness of the crowns and (ii) fabrication
technique and margin location would not affect the margin quality of the restorations.
2. Materials and Methods
2.1. Model and Crown Data Acquisition
A mandibular right first molar tooth in a dentate typodont model (ANA-4, Frasaco
GmbH, Tettnang, Germany) was prepared with a 1-mm-wide chamfer finish line to sim-
ulate a complete coverage crown preparation. The maxillary and mandibular typodont
models and both models when in occlusion were scanned by using an intraoral scanner
(Medit i500 v. 1.2.1, Medit, Seoul, Korea) that has a precision of 25 µm, according to the
manufacturers’ recommended scan strategy. The scans were converted to standard tes-
sellation language (STL) files (Figure 1). A complete-coverage restoration was designed
to simulate an interim crown by using a dental design software program (Exocad Dental
CAD2.2, Exocad GmbH, Darmstadt, Germany) with 30 µm cement space gap [26]. This
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design was saved as the reference scan STL file (RS-STL), which was then used to fabricate
3D-printed (n = 30) and milled (control) (n = 10) molar crowns.
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Figure 1. Mandibular right first molar preparation.
2.2. Crown Fabrication
Thre different layer thicknes es (20 µm, 50 µm, and 10 µm) were used to print the
crowns (n = 10 per layer thickness). First, the RS-STL file of the crown was imported to
DLP software (MoonRay S100, SprintRay Inc, Los Angeles, CA, USA) to arrange the build
angle and support configuration. As recommended by the manufacturer of the printing
resin material (Nextdent Crown and Bridge Micro Filled Hybrid-MFH, C&B; 3D systems,
Soesterberg, The Netherlands), the occlusal surface of the crown was angled 45◦ from the
print area for improved occlusal surface details. The semiautomatically created support
structures were checked and supports that were automatically created on the margin area
and fitting surfaces of the crowns were manually eliminated. Then, this configuration
was duplicated 10 times and 10 identical crown configurations were arranged in the build
platform of the DLP printer (MoonRay S100 Software, SprintRay Inc, Los Angeles, CA,
USA) to print all crowns in the same configuration. This configuration was further saved
for 3 different layer thicknesses to print the crowns in identical configuration, but by using
different layer thicknesses. The crowns were printed with the DLP printer (MoonRay S100,
SprintRay Inc, Los Angeles, CA, USA) and an interim printing resin material (N1 shade,
Nextdent Crown and Bridge Micro Filled Hybrid-MFH, C&B; 3D systems, Soesterberg, The
Netherlands, Lot: XH312N21) by using 20 µm, 50 µm, or 100 µm (n = 10) layer thickness.
According to the manufacturer, the printing material has 100–130 MPa flexural strength,
2400–2600 MPa flexural modulus, ≤70 µg/mm3 sorption, and ≤15.5 µg/mm3 solubility.
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The DLP printer has UV DLP projector, LED-based light source, and 405 nm blue-violet
light resin curing unit. After printing, the printed crowns were removed from the platform
by using a putty knife, ultrasonically rinsed for 5 min (first 3 min then 2 min) in 96% clean
alcohol solution (Alcohol isopropilico, Quimi Klean, Mexico City, Mexico) according to
the manufacturers’ recommendations. After ensuring that the crowns were dry and free
of alcohol residue, they were postpolymerized by using an ultraviolet polymerizing unit
(SprintRay Procure Model SRP1811A, SprintRay Inc, Los Angeles, CA, USA) (405 nm LED
arrays) for 30 min (Figure 2).
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Figure 2. 3D-printed interim crowns ((A): 20 µm crowns; (B): 50 µm crowns; (C): 100 µm crowns).
The support structures ere cut and trimmed after cooling and the surface was gently
smoothened to prevent errors during the alignment procedure.
I t e illi technique, crowns were milled (Wieland Zenotec mini, V6.12.04, Wieland
Dental + Technik GmbH & Co.KG, Pforzheim, Germany) from a polymethyl methacry-
late (PMMA) block (A2 shade, Lot number: HL201104, Upcera, Sh nzhen Upc ra Dental
Technology Co. Ltd., Shenzen, Guandong, Chi a). T e designe STL file was nserted in
the block o mill 10 identical crowns. The support struct res were cu and trimmed after
milling, and the support surfaces were gently smooth ned. All cr wn fabrication processes
were performed by on operator (G. Ç).
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2.3. Crown Analysis
All crowns were examined under optical magnification loupe (3.5×) to ensure that
they were free from any defects and no adjustments were made on the inner surfaces of the
crowns [26]. Crowns were then kept in dry and lightproof boxes to scan within 48 h after
the fabrication. First, the scanner was calibrated and then the printed and milled crowns
were scanned by using an intraoral scanner (Medit i500 v. 1.2.1, Medit, Seoul, Korea) by the
same operator (G. Ç) and the scan files were converted to STL files (test-scan STL). During
the scan, the crowns were hold with small tweezers and as the intraoral scanner utilized
has a filter for colors, the parts in contact with the tweezers were scanned afterwards.
For the deviation analysis, root mean square (RMS) was used to indicate how far
the deviations were from zero between the 2 different datasets [32]. A low RMS value
indicated a high degree of 3D matching of the superimposed data, which translated to high
trueness [33]. First, test-scan STL files and designed crown STL file (RS-STL) were imported
into a software (Medit Link, Medit, Seoul, Korea). Compare tool (Medit Compare v1.1.1.61,
Medit, Seoul, Korea) of the software, which has an automatic alignment tool was used for
the superimposition, virtually separation of the surfaces, and RMS calculation. For the
superimposition, RS-STL was moved to the reference data and test-scan STL was moved to
the target data by using the alignment tool of the software. Then, manual alignment tool of
the software was selected and 3 reference points; central fossa, mesial and distal triangular
fossae were selected both in the reference and target data. Test-scan STL files were then
superimposed over the RS-STL file (Figure 3).
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Figure 3. (A): Reference points determined for the superimposition of STL files (1: Central fossa; 2: Distal triangular fossa;
3: Mesial triangular fossa), (B): Superimposition of the Test-scan STL over the RS-STL by using these points.
To generate color maps to represent the 3D deviation, deviation display mode of
the software was used. The maximum/minimum critical (nominal) values were set at
+50/−50 µm with a tolerance range of +10/−10 µm, respectively [34]. After the superimpo-
sition, color-difference maps were created to compare the test scan STL file and the RS-STL
for the overall RMS, which includes all surfaces of the crowns. The software auto atically
calculated the S fro the color-difference aps, ithout the need for an additional
for la. For the RMS of external, intaglio, marginal area, and intaglio occlusal surfaces
of the crowns, the test-scan STL files and the RS-STL file were i ported again, t ese
s rfaces er irt ll s r t t i t st-s fil s - fil [ ] i i i
cr i t iff t t i t it f t ft . ft ti , t
s eri position as done once again for ac s rface (e ter al, i taglio, arginal area,
a i t li ccl sal s rfaces) f r i ti t
software, and the color-difference maps were generated for those surfaces and the RMS
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values were automatically calculated (Figure 4). The areas with deviations exceeding the
scale utilized were presented as gray by the software. However, all areas were included in
the RMS calculation.
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Figure 4. Color maps generated by the superimposition of the milled (1), 20 µm (2), 50 µm (3), and 100 µm (4) crown meshes
over reference data ((A): Overall RMS; (B): External RMS; (C): Internal RMS; (D): Marginal RMS; (E): Intaglio Occlusal RMS).
For margin quality comparison, each crown was randomly numbered by an indepen-
dent individual, and then visually examined with an optical microscope (Zeiss) under
×60 magnification by a single operator (G.Ç.) who was blinded about the numbering, and
a grading system from 1 to 3 was used as performed in a previous study [29]. Grade 1
crown margins indicated rough edges similar to layers. Grade 2 crown margins indicated
slightly rough edges similar to waves. Grade 3 crown margins indicated smooth edges
(Figure 5). Margin quality was examined at each margin location (buccal, lingual, mesial,
and distal) of each crown, and the average was calculated for each printed or milled crown.
Appl. Sci. 2021, 11, 9246 7 of 14
Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 14 
 
 
Figure 5. Margins according to the grading system ((A): Grade 3; (B): Grade 2; (C): Grade 1). 
2.4. Statistical Analysis 
The statistical evaluation of the data was performed by using the statistical software 
R. Normality assumption was verified using the Shapiro Wilks test. Difference in RMS 
values between fabrication technique within each area of measurement, difference in av-
erage quality rating between fabrication technique, and difference in quality rating be-
tween margin location for each fabrication technique was analyzed by using the one-way 
analysis of variance (ANOVA). Additionally, pairwise comparisons within the groups 
were analyzed with Tukey HSD Post-Hoc analysis (α = 0.05). 
3. Results 
One-way ANOVA results of the RMS values of each surface are presented in Table 
1, and Figure 6 illustrates the RMS at each measured surface for control and different 
layer-thickness groups. 
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2.4. Statistical Analysis
The statistical evaluation of the data was performed by using the statistical software
R. Normality as umption was verified using the Shapiro Wilks test. Difference in RMS
values between fabricati tec i e it i each area of measurement, difference in
average quality rating between fabrication technique, an difference in quality rating
between margin location for each fabrication technique as analyzed by using the one-way
analysis of variance (ANOVA). dditionally, pairwise comparisons within the groups were
analyzed with Tukey HSD Post-Hoc analysis (α = 0.05).
3. Results
One-way ANOVA results of the RMS values of each surface are presented in Table 1,
and Figure 6 illustrates the RMS at each measured surface for control and different layer-
thickness groups.
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Table 1. Mean RMS (µm) values ± standard deviations for milled and 3D-printed interim crowns. Different superscript
lowercase letters in same column indicate significant differences among groups (p < 0.05).
Layer Thickness Overall RMS (µm) External RMS (µm) Intaglio RMS (µm) Marginal RMS (µm) Intaglio OcclusalRMS (µm)
Control (Milled) 64.5 ±10.94 a 54 ±21.29 a 32.6 ±15.01 a 11.3 ±14.36 a 31.5 ±6.92 a
20 µm 56.1 ±10.7 a 59.4 ±10.7 a 49.9 ±12.13 ab 14.9 ±9.57 a 33.4 ± 2.22 ab
50 µm 53.3 ±9.3 a 48.5 ±13.67 a 45.4 ±15.75 ab 9.1 ±8.02 a 34.7 ±1.83 ab
100 µm 61.3 ±15.31 a 62.4 ±18.21 a 52.8 ±17.32 b 14.6 ±9.94 a 41.5 ±12.55 b
p values 0.145 0.263 0.026 0.576 0.024Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 14 
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surfaces. Every other pairwise comparison for intaglio (p ≥ 0.251) and intaglio occlusal (p 
≥ 0.178) surfaces were nonsignificant. 
Average margin quality of the crowns showed significant differences (Figure 7); 
based on the 3-point scale, milled crowns presented higher quality than the others (p < 
0.001 vs. 20 μm, estimated difference in means: 1.25 points; p = 0.001 vs. 50 μm, estimated 
difference in means: 0.68 points; and p < 0.001 vs. 100 μm, estimated difference in means: 
1.53 points). 
Figure 6. Box-plot graph of the RMS values of milled and 3D-printed interim crowns according to different surfaces.
Significant differences were observed among fabrication techniques for intaglio and
intaglio occlusal surface RMS values (p ≤ 0.026). Milled crowns presented significantly
lower RMS values than 100 µm crowns at both intaglio (p = 0.025, estimated difference in
means: −20.2 µm) and intaglio occlusal (p = 0.021, estimated difference in means: −10 µm)
surfaces. Every other pairwise comparison for intaglio (p ≥ 0.251) and intaglio occlusal
(p ≥ 0.178) surfaces were nonsignificant.
Average margin quality of the crowns showed significant differences (Figure 7); based on
the 3-point scale, milled crowns presented higher quality than the others (p < 0.001 vs. 20 µm,
estimated difference in means: 1.25 points; p = 0.001 vs. 50 µm, estimated difference in means:
0.68 points; and p < 0.001 vs. 100 µm, estimated difference in means: 1.53 points).
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a le 2. p values for the pairwise comparison between different margin locations for milled and 3D-printed interim crowns.
p < 0.05 indicate significant d ferences between locatio s.
cations
Lay Thickness Buccal-Lingual Buccal-Mesial ccal-Distal Li al-Mesial gual-Distal Me l-Distal
Co ol (Milled) 0.005 0.03 0.0 5 0.8 5 >0.05 .885
20 µm 0.121 0.762 0.988 0.566 0.223 0.914
50 µm 0.765 0.765 0.988 >0.05 0.915 0.915
10 µm <0. 01 0.831 0.831 <0.001 < .00 >0.05
No significant differences were found between the quality of the margins at different
locations for 20 µm (p ≥ 0.121) and 50 µm (p ≥ 0.765) crowns. However, margin quality of
milled (p = 0.002) and 100 µm (p < 0.001) crowns were significantly affected by the margin
location. The mesial, distal, and lingual margin quality of the milled crowns was similar
(p ≥ 0.885), while buccal margin quality was inferior to that at other locations (p ≤ 0.03).
For the 100 µm crowns, lingual margin quality was higher compared with other locations
(p < 0.001); the differences among other locations were nonsignificant (p ≥ 0.831). The
margin quality in control and each layer thickness groups according to the margin location
is presented in Figure 8.
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4. Discussion
Significant differences in terms of trueness were found comparing the 100 µm printing
layer thickness to other groups. Therefore, the first null hypothesis was rejected. The best
margin quality was found in milled crowns, followed by the 50 µm layer thickness group.
Accordingly, the second null hypothesis was rejected.
In ter s of trueness, the present study showed that 3D-printed interim crowns, printed
with a layer thickness of 20 or 50 µm, are similar to the milled interim crowns, which are
currently used routinely. Similar results have been reported also for 3D-printed ceramic
crowns [15,35]. The effect of the layer thickness on the trueness of 3D printed casts and
complete dentures has been demonstrated in previous studies [30,36]. se st ies
strated t e i est tr eness hen a l er t i ess f µ s s , r s
t µ l t i lt i t l t t i t t t . i
iff r ce t een t se a t e r s t t j
i t . Neither casts nor dentures have as thin and tapered argins as r s ,
i t have large plain and round surfaces [36]. When the layer thickness is too small,
discrepancies can occur, especially with suc thin margins [30]. The combinatio of thin
layer thickness and thin margins could also be an expl ation for the fact at the trueness
seems to b slightly higher in the 50 µm group compared to the 20 µm group, although
this difference was not stati tically significant. It should be n ted that th aforementioned
scop ng review on complete denture fabrication in luded various studie [36], which
applied varying setting for the 3D-printing, a d therefore, the deviations in trueness may
ot be ttribut d to the layer t ickness alone. A study, which sho ed that layer t ickness
did not affect the trueness of printed models when 100 µm was applied, still recommended
the use of 100 µm layer thicknesses due to the economic advantages as the printing time is
shortened [37]. However, the time factor may be less important when small restorations
such as crowns are fabricated. Considering the effect of the layer thickness on trueness at
thin surfaces such as crown margins [30], high layer thickness may be expected to result in
low trueness, which was confirmed by lower trueness and marginal quality found with
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the 100 µm group in the present study. Although a previous study has shown that the
marginal fit of 3D-printed crowns is within a clinically acceptable range, and that there is no
difference between 3D-printed and milled crowns [38], significant differences in the margin
quality were found in the present study. The marginal quality in the present study was
evaluated by a 3-point scale instead of absolute values, indicating worse margin quality of
the 3D-printed crowns irrespective of the layer thickness. Interestingly, the margin quality
was not influenced by margin location in 20 µm and 50 µm groups, but in milled and
100 µm groups. The significantly worse margin quality at the buccal aspect of the milled
group may be due to the slightly narrower preparation margin on the distobuccal side.
During the milling process, defects may occur at thin crown margins [39]. Hypothetically,
the preparation margin could also be the reason for the better marginal quality at the lingual
crown margin in the 100 µm group. The lingual aspect of the margin preparation was the
most uniform, which might have allowed the crown to be fabricated accurately even with
the largest layer thickness of 100 µm. A large layer thickness might have a negative effect
on the margin quality, especially with varying crown margin thicknesses. The fact that the
margins of the prepared tooth were not uniform at all aspects is a limitation of the present
study. Future studies are necessary to determine the effect of layer thickness on trueness
and margin quality.
The reference data set can be recorded with a laboratory scanner, or more precisely
with a high-precision optical or tactile industrial scanner [40]. However, because such
scanners cannot be used intraorally, the reference data set was taken with an intraoral
scanner. The intraoral scanner used has a software that enables immediate scanning of
the fabricated restoration and the analysis of the trueness of the restoration comparing
with the design STL. Adequate scan accuracy with the intraoral scanner used has been
demonstrated in previous studies on single crowns [41]. Generally, intraoral scanners have
demonstrated sufficient accuracy especially when scanning partial arches, as executed in the
present study [41]. Since the reference data set was used to fabricate all crowns, potential
errors during scanning would be expected to affect all groups similarly and therefore,
can be considered negligible for its effect on the comparisons aimed. The trueness was
analyzed by the calculation of RMS differences between the test and reference datasets.
Calculating RMS differences is the most commonly applied trueness analysis in digital
dentistry [42]. However, the effect of different software programs to calculate RMS values
between corresponding datasets is not clear [43–45]. The influence of the build angle on
the fabrication of 3D-printed crowns has been shown in various studies [14,18,25,26,29].
The build angle of 45◦ was used to print the crowns based on the recommendation by the
manufacturer. A 45◦ build angle is similar to 135◦ build angle in terms of crown orientation
during the fabrication, except that the 45◦ angle assumes a buccal crown orientation while
135◦ angle assumes a lingual crown orientation. The effect of build angle on crown accuracy
when DLP technology is used was previously investigated and the highest accuracy was
achieved when 135◦ angle was used [18].
Due to the pilot nature of the present study, no sample size calculation could be
performed. The sample size was based on earlier studies, focusing on the 3D-printing
accuracy [14,46] and enabled the detection of statistically significant differences in terms of
trueness and marginal quality. One of the main limitations of the present study is that only
one material was used for the fabrication of milled and 3D-printed crowns. Since previous
studies have shown that the material has a significant influence on crown accuracy [47],
the present study findings are not directly applicable to other materials. Nevertheless,
the present study is the first of its kind indicating the influence of layer thickness on the
accuracy of 3D printed resin crowns. The quantification of the marginal gap size was
not performed in the present study. Since there was no difference between the milled
and 3D-printed crowns when a layer thickness of 20 µm or 50 µm was used, a major
difference in terms of marginal gap size would not be expected between these groups,
however, marginal gap measurements can be performed in future studies to see how
milling/printing trueness translates to marginal quality. The fact that the margin quality
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was only assessed by one observer is another weak point. Since the observer was blinded
during the evaluation, it can at least be assumed that the risk of bias (e.g., by personal
preferences) was minimized [48].
5. Conclusions
Considering limitations of the present study, it can be concluded that the trueness and
marginal quality of 3D-printed interim crowns was influenced by the printing layer thickness.
For improved trueness and margin quality for interim crowns using the applied materials
and settings, a printing layer thickness of 20 or 50 µm may be preferable over 100 µm.
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